INTRODUCTION {#S1}
============

Meningitis is a life-threatening infectious disease that causes inflammation in the brain and spinal cord membranes. Rapid diagnosis is essential to improve prognosis.^\[[@ref1],[@ref2]\]^ Neuroimaging has a crucial role in depiction of inflammatory changes in the brain and spine and may aid early diagnosis. It also helps in evaluation of subsequent complications and therapeutic response monitoring.^\[[@ref3]-[@ref5]\]^ Regardless of the advancements in magnetic resonance imaging (MRI), the optimal imaging protocol for diagnosing infectious meningitis remains contentious due to a lack of differentiation in enhancement in vessels and meninges on MRI and insufficient sensitivity in etiological characterization, primarily in the early stages. In addition, routine brain MRI imaging provides structural information but has a limited role in the assessment of CSF dynamics.^\[[@ref6],[@ref7]\]^

Phase-contrast MRI (PCMRI) with cardiac synchronism is a dynamic technique used to visualize cerebrospinal fluid (CSF) movement. This technique is non-invasive, highly sensitive even to slow flow and provides precise and reproducible measurement of quantitative parameters.^\[[@ref8]\]^ CSF flow may be altered in many intracranial and intraspinal pathologies. Over the past few decades, clinical research has demonstrated associations among changes in CSF hydrodynamics with meningitis, hydrocephalus, and cerebral edema.^\[[@ref9]-[@ref11]\]^

There is a lack of sufficient literature on CSF dynamics in neuroinfectious conditions. In this study, we aimed to evaluate the pathophysiology of CSF flow alterations in meningitis and their related complications. Further, we investigated the utility of PCMRI as an alternate modality for identifying meningitis in patients in whom contrast is contraindicated and rapid diagnosis is required.

MATERIALS AND METHODS {#S2}
=====================

The study was performed between 2016 and 2018 in a tertiary care hospital. It was a prospective case--control study comprising 50 patients with meningitis. The Institutional Ethical Committee approval was acquired and all eligible patients and guardians received a full explanation of the nature and purpose of the study. Written informed consent was obtained from all subjects. The study included patients with clinically confirmed or with a strong clinical suspicion of infectious meningitis. Those with a positive CSF culture were considered as clinically confirmed cases. Those with relevant clinical history, cytological findings in CSF, positive for biochemical markers (adenosine deaminase activity \[ADA\] and D-lactase), or positive for polymerase chain reaction on CSF and those exhibiting a therapeutic response were considered to have a strong suspicion of meningitis. Twenty subjects, undergoing MRI who had no significant imaging findings, formed the control group.

Data collection techniques and tools {#S2_1}
------------------------------------

Conventional MRI of the brain was performed before PCMRI using a 1.5 Tesla MR scanner (Magnetom, Siemens, Erlangen, Germany). Imaging parameters were axial spin- echo T1-weighted sequence (repetition time \[TR\] = 450--650 ms, echo time \[TE\] = 10--20 ms, section thickness = 5 mm, matrix = 256 × 192, number of excitations \[NEX\] = 2, field of view \[FOV\] = 230 cm, matrix size of 256 × 256); axial, coronal, and sagittal T2-weighted sequence (TR = 3000--4500 ms, TE = 80--90 ms, echo train length = 22--27, section thickness = 5 mm, matrix = 256 × 256, NEX = 2, FOV = 230 cm); and axial FLAIR sequence (TR = 7000--9000 ms, TE = 80--100 ms, inversion time = 2000--2300 ms, section thickness = 5 mm, matrix = 256 × 256, NEX = 1, FOV = 230 cm). Contrast- enhanced MRI was performed when indicated. After the administration of intravenous gadodiamide (Omniscan, GE Healthcare) at a dose of 0.1 mmol/kg body weight, a post- contrast T1-weighted sequence with fat sat (TR = 556 ms, TE = 10 ms, echo train length = 58, matrix = 230 × 256) was acquired in all standard planes.

Phase-contrast imaging {#S2_2}
----------------------

For qualitative phase-contrast MRI, a two-dimensional fast low-angle shot (FLASH) sequence was used. T2-weighted sagittal images, phase, rephase, and magnitude images were obtained based on the following parameters: TR/TE = 34.45/9.73 ms; FOV = 240 mm; flip angle = 10°; and slice thickness = 4.5 mm. CSF flow dynamics were quantitatively studied using a prospective cardiac-gated high-resolution axial phase-contrast protocol (triggering performed using finger plethysmography) with an imaging plane perpendicular to the mid one-third of the cerebral aqueduct. The caudocranial direction was considered positive and the craniocaudal direction negative for directional programming in the software. The imaging parameters were TR/TE = 41.35/4.09 ms; FOV=320 mm; flip angle = 30°; and slice thickness = 5 mm. Velocity encoding (Venc) was kept at 20 cm/s. The total examination duration was approximately 15 min.

The acquired through-plane FLASH images were transferred to the post-processing Argus^©^ software and CSF flow was qualitatively assessed at baseline after obtaining phase, rephase, and magnitude images in all subjects. The ROI was carefully manually drawn at the center of the aqueduct with size kept constant, i.e., 0.04 cm^2^ to avoid systematic errors. The quantitative values were calculated by two radiologists who were blind to the subjects' clinical status and checked for consistency. The velocity was then plotted as a cardiac cycle function, allowing calculation of quantitative flow parameters. Changes in CSF flow were shown by automatic extraction of velocity time, peak velocity time, flow time, and net flow time graphics.

Statistical analysis {#S2_3}
--------------------

Data were analyzed using Microsoft Excel 2013 (Microsoft Corporation, NY, USA) and SPSS version 21 as mean (±SD), frequency, and percentage. Quantitative variables between the study groups were compared using an unpaired *t*-test for normal distribution or the Mann--Whitney U-test for non- normal distribution. The Chi-squared test was performed to compare categorical data. The expected frequency was \<5 using Fisher's exact test. *P* \< 0.05 was considered statistically significant. ROC curves were obtained by calculating the cutoff point of peak systolic velocity and stroke volume as tests for differentiating patients with viral from non-viral and tubercular from non-tubercular meningitis. The sensitivity, specificity, and accuracy were calculated from the ROC curves.

RESULTS {#S3}
=======

A total of 50 patients (22 females and 28 males) with the mean age of 20.93 ± 15.60 years (ranged 4 months--73 years) were enrolled in the study. The mean CSF peak velocity and stroke volume in controls were 2.49 ± 0.86 cm/s and 13.23 ± 6.84 µl, respectively. No significant differences were noted in the CSF peak velocity or stroke volume between the age groups with no trend in flow parameters according to age. Qualitative analysis of cine MR images revealed normodynamic pulsatile flow through the cerebral aqueduct.

Out of the 50 included patients, 27 (54%) had associated complications such as hydrocephalus, vasculitis, and cerebral abscess. The most common complications were hydrocephalus (21 patients \[42%\]) and infarcts due to vasculitis (16 patients \[32%\]). Of the 50 patients with CSF- confirmed meningitis, 33 had tubercular, 6 had viral, 10 had pyogenic, and 1 had fungal meningitis. Subjects with tubercular meningitis had complications significantly higher than those with bacterial or viral meningitis.

The mean CSF peak velocity and stroke volume in patients were 2.85 ± 2.90 cm/s and 16.30 ± 20.02 µl, respectively. The flow parameters did not significantly differ between patients and controls. However, the peak velocity and stroke volume were higher in patients than controls with a wide range in CSF flow parameters \[[Table 1](#T1){ref-type="table"}\].

###### 

Comparative values of quantitative cerebrospinal fluid flow parameters between patients (***n***=50) and controls (***n***=20).

  ----------------------------------------------------------------
  Flow parameters           Patients      Control      *P*-value
  ------------------------- ------------- ------------ -----------
  Peak velocity (cm/s)      2.85±2.90     2.49±0.86    0.144

  Average velocity (cm/s)   0.43±0.36     0.43±0.25    0.487

  Average flow over\        0.02±0.04     0.02±0.03    0.214
  range (ml/s)                                         

  Forward volume (μl)       15.02±21.98   8.35±7.18    0.730

  Reverse volume (μl)       17.90±20.48   18.55±9.70   0.104

  Net forward volume (μl)   10.58±9.79    11.50±6.83   0.292

  Stroke volume (μl)        16.30±20.02   13.23±6.84   0.394
  ----------------------------------------------------------------

Due to the wide variation in flow parameters with ventricular dilatation in the patients, this group was subdivided as follows: Group I: Patients with hydrocephalus (*n* = 21).

Group II: Patients without hydrocephalus (*n* = 29).

In Group I, the mean peak velocity and stroke volume were 4.41 ± 3.90 cm/s and 16.30 ± 20.02 µl, respectively. The flow parameters, particularly CSF peak velocity and stroke volume, were generally higher in these patients than controls \[[Table 2](#T2){ref-type="table"}\]. However, a lower peak systolic velocity of 1.41 cm/s was observed in 8 of the 21 patients. Reduced or absent CSF flow was detected at the aqueduct of Sylvius on cine images in these patients. Wide flow parameters variation was observed in Group I with peak velocities ranging from 0.813 to 16.59 cm/s and stroke volume ranging from 3.5 to 109 µl with both hyper- and hypo-dynamic CSF circulation noted irrespective of the degree of ventricular dilatation. The cine MR images and quantitative parameters in a patient in Group I demonstrating hyperdynamic flow are shown in [Figure 1](#F1){ref-type="fig"}.

###### 

Comparative values of quantitative cerebrospinal fluid flow parameters between patients (Group I) (***n***=21) and controls (***n***=20).

  ---------------------------------------------------------------------------------------------------------------------
  Flow parameters                  Patients with hydrocephalus   Controls     *P*-value
  -------------------------------- ----------------------------- ------------ -----------------------------------------
  Peak velocity (cm/s)             4.41±3.90                     2.49±0.86    0.268

  Average velocity (cm/s)          0.56±0.45                     0.43±0.25    0.593

  Average flow over range (ml/s)   0.03±0.06                     0.02±0.03    0.906

  Forward volume (μl)              26.10±29.75                   8.35±7.18    0.047 [\*](#TF2-1){ref-type="table-fn"}

  Reverse volume (μl)              26.91±27.77                   18.55±9.70   0.896

  Net forward\                     14.10±12.75                   11.50±6.83   0.814
  volume (μl)                                                                 

  Stroke volume (μl)               26.26±27.13                   13.23±6.84   0.235
  ---------------------------------------------------------------------------------------------------------------------

Significant

![A 51-year-old male patient who presented with fever and headache diagnosed with meningitis. (a) Velocity time graphic on Argus post-processing showing normal pulsatile flow with elevated cerebrospinal fluid (CSF) peak velocity (arrows). (b) Quantitative CSF flow parameters. (c) magnetic resonance (MR) imaging Axial T2WI of brain showing hydrocephalus with mild periventricular ooze. (d) Magnitude cine MR image showing hyperdynamic flow across the cerebral aqueduct (arrow).](JCIS-10-29-g001){#F1}

Group II had mean CSF peak velocity and stroke volume of 1.71 ± 0.85 cm/s and 9.09 ± 6.91 µl, respectively. The CSF flow parameters were lower in these patients as compared to controls, with CSF peak velocity ranging from 0.572 to 4.07 cm/s and stroke volume ranging from 1 to 23.5 µl with few patients showing near normal parameters. However, the difference in average values of these parameters in Group II and controls was statistically significant \[[Table 3](#T3){ref-type="table"}\]. On cine flow MR images, a larger group of patients exhibited reduced flow across the cerebral aqueduct. Reduced flow across the aqueduct in a patient in Group II is illustrated in [Figure 2](#F2){ref-type="fig"}.

###### 

Comparative values of quantitative cerebrospinal fluid flow parameters between patients (Group II) (***n***=29) and controls (***n***=20).

  ------------------------------------------------------------------------------------------------------------------------
  Flow parameters                  Patients without hydrocephalus   Controls     *P*-value
  -------------------------------- -------------------------------- ------------ -----------------------------------------
  Peak velocity (cm/s)             1.71±0.85                        2.49±0.86    0.002 [\*](#TF3-1){ref-type="table-fn"}

  Average\                         0.34±0.25                        0.43±0.25    0.132
  velocity (cm/s)                                                                

  Average flow over range (ml/s)   0.01±0.01                        0.03±0.03    0.042 [\*](#TF3-1){ref-type="table-fn"}

  Forward volume (μl)              7.00±7.41                        8.35±7.18    0.313

  Reverse volume (μl)              11.38±8.84                       18.55±9.70   0.008 [\*](#TF3-1){ref-type="table-fn"}

  Net forward\                     8.03±5.97                        11.50±6.83   0.067
  volume (μl)                                                                    

  Stroke volume (μl)               9.09±6.91                        13.23±6.84   0.024 [\*](#TF3-1){ref-type="table-fn"}
  ------------------------------------------------------------------------------------------------------------------------

Significant

![A 26-year-old female patient who presented with fever and neck rigidity diagnosed with meningitis. (a and b) Axial and sagittal magnetic resonance (MR) imaging T2WI of brain show absence of hydrocephalus. (c) Velocity time graphic showing irregular non pulsatile flow across aqueduct. (d) Reduced quantitative flow parameters. (e and f) Cine MR magnitude and phase images showing reduced flow at the level of cerebral aqueduct.](JCIS-10-29-g002){#F2}

The average CSF flow parameters were higher in patients with tuberculous and bacterial meningitis than those with viral etiology. The peak systolic velocity and stroke volume in patients with bacterial, tubercular, and viral meningitis were 3.0 cm/s and 19.2 µl, 3.01 cm/s and 16.8 µl, and 1.87 cm/s and 10.8 µl, respectively. Further, the range of parameters was wider in those with bacterial and tubercular meningitis with peak velocities of 0.9--16.59 cm/s and 0.57-- 11 cm/s, respectively, than in those with viral meningitis (1.23--3.53 cm/s).

The diagnostic accuracy of CSF peak velocity and stroke volume for the diagnosis of viral versus non-viral meningitis and tubercular versus non-tubercular was assessed by ROC curves. To differentiate between viral and non-viral meningitis, for CSF peak velocity, area under the receiver operator characteristic (ROC) curve (AUC) was 0.54 (95% CI -- 0.35--0.72); at a cutoff value of 3.57 cm/s, the specificity was 100% and sensitivity was 22.7%; while for stroke volume, AUC was 0.56 (95% CI -- 0.35--0.78); at a cutoff values of 6.75 µl, the specificity was 66.7% and sensitivity was 63.6%. In differentiation between tubercular and non-tubercular meningitis, for CSF peak velocity, AUC was 0.61 (95% CI -- 0.44--0.77); at a cutoff value of 2.58 cm/s, the specificity was 88.2% and sensitivity was 45.5%; while for stroke volume, AUC was 0.59 (95% CI -- 0.42--0.76); at a cutoff values of 4.75 µl, the specificity was 35.3% and sensitivity was 84.8%. The same is illustrated in [Figure 3](#F3){ref-type="fig"}.

![Receiver operator characteristic curves for comparison of cerebrospinal fluid peak velocity and stroke volume for etiological differentiation of patients with meningitis. (a) Tubercular versus non-tubercular meningitis. (b) Viral versus non-viral meningitis.](JCIS-10-29-g003){#F3}

DISCUSSION {#S4}
==========

Neurological infections account for a substantial burden of disease and are a cause for great concern in developing countries.^\[[@ref12]\]^ Early diagnosis and etiological segregation based on imaging features is of crucial clinical importance and can allow for the initiation of appropriate therapy and prevention of complications.^\[[@ref13],[@ref14]\]^ Our understanding of CSF hydrodynamics on MRI in such patients is limited, with most studies performed on patients with ventriculomegaly.^\[[@ref15],[@ref16]\]^

Significant emphasis has been placed on the evaluation of CSF flow through the cerebral aqueduct and CSF peak velocities in healthy volunteers.^\[[@ref17]\]^ The previous studies have identified a large variation in physiological range of CSF flow quantification with peak velocities of 1.41--11.67 cm/s. The average CSF flow parameters in controls in the present study were closer to the flow values noted in the study done by Nitz *et al*. who used a similar scanner.^\[[@ref18]\]^

Our findings indicated a wide variation in flow parameters in Group I (patients with hydrocephalus) with peak velocities and stroke volumes of 0.813--16.59 cm/s and 3.5--109 µl, respectively, suggesting the existence of different pathogenetic mechanisms altering the CSF flow. A plausible explanation is the complex type hydrocephalus observed in meningitis, wherein both absorption and flow may be interrupted, leading to both communicating and non-communicating types of hydrocephalus. In both the cases, the likely cause is exudates in subarachnoid spaces or ventricular system as a result of inflammation. In the early phases of meningitis, the accumulation of exudates in the subarachnoid spaces, particularly along the brain base (i.e., the interpeduncular and ambient cisterns), may cause communicating hydrocephalus. In the subset of patients with reduced flow parameters, subarachnoid or intraventricular inflammation is a likely cause of aqueductal obstruction. This was evidenced by the reduced aqueductal flow on cine MR images and consistent with the studies by Lucic *et al*., Parkkola *et al*., and Abdelhameed *et al*., wherein reduced aqueductal flow was observed in patients with hydrocephalus as a result of aqueductal stenosis.^\[[@ref19]-[@ref21]\]^ This further affirms the role of PCMRI in the differentiation of communicating and non-communicating hydrocephalus.

Surprisingly, we observed significantly lower flow parameters in Group II (meningitis without hydrocephalus), wherein the CSF peak velocity and stroke volume were 1.71 ± 0.85 cm/s and 9.09 ± 6.91 µl. On cine flow MR images, a larger group of patients exhibited reduced flow across the cerebral aqueduct. To the best of our knowledge, there have been no prior PCMRI studies for CSF dynamics in such a group of patients.

A reduction in aqueductal flow could possibly be attributed to changes in CSF concentrations of inflammatory infiltrates/ exudates in the early phase of meningitis. Inflammatory damage to the blood--CSF barrier increases the permeability to CSF proteins, leading to elevated levels in the CSF, which may alter viscosity and flow dynamics. This could explain the shorter irregular and non-pulsatile temporal CSF flow waveform on flow versus time graphs. Subsequently, in later stages, as inflammation increases, CSF absorption is curtailed by obstruction in arachnoid villi with further elevations in intracranial pressure and neurological sequelae such as hydrocephalus, leading to hyperdynamic flow patterns. The pathological elevation of protein levels in the CSF that is observed in neurological diseases has been explained quantitatively by changes in the CSF flux rate, due to reduced volume exchange, or an increase in the molecular net flux into CSF without a change in permeability coefficients. However, the physiology of flow cannot be accurately accounted for by the fundamental principles of fluid biomechanics due to the structural complexity of the brain and subarachnoid spaces.^\[[@ref22]\]^

Increase in CSF protein concentrations has also been reported in different etiologies such as reduced CSF flow through the arachnoid villi in inflammatory diseases or conditions causing a blockade of the subarachnoid space. Experimental studies by Scheld *et al*. and Fuhrmeister *et al*. have demonstrated marked alterations in CSF hydrodynamics in the acute stage of meningitis with elevation in CSF pressure and outflow resistance. However, their studies also suggested a 5--10-fold reduction in the CSF formation rate at basal intracranial pressure in the presence of meningitis.^\[[@ref10],[@ref11]\]^

We found that patients with tuberculous and bacterial meningitis showed higher average CSF flow parameters as compared to those with viral etiology possibly indicating higher propensity to alter the CSF flow dynamics. In these etiologies, the bacteria have a higher tendency to disrupt the blood--brain barrier, causing the inflammatory cells and proteins to leak into the subarachnoid space and form exudates.^\[[@ref23],[@ref24]\]^ This was supported by the cytochemical CSF analyses in these patients, which revealed significant CSF leukocytosis, CSF-ADA, and higher CSF protein concentrations (\>50 mg/dl) attributed to the substantially wider CSF flow alterations. Conversely, in viral meningitis, milder dysfunction of blood brain barrier is observed with unremarkable CSF laboratory parameters accounting for lower alteration in CSF flow. CSF peak velocity showed a high specificity (i.e., 100%) with a cutoff of 3.57 cm/s in differentiation of viral versus non-viral meningitis as assessed by ROC curves which was higher compared to stroke volume. This could be of value in differentiation between viral and non-viral causes meningitis.

Bacterial and viral meningitis can be largely indistinguishable, especially in early stages. Obtaining CSF for laboratory examination is an invasive, technically difficult, and time-consuming procedure, and CSF parameters may be unequivocal with several studies reporting high false- negative lumbar puncture rates. This leads to an uncertainty in management protocol and thus an empirical antimicrobial therapy along with adjunctive dexamethasone is administered which may be potentially harmful to the patient. A cutoff value of CSF peak velocity to suggest a non-viral cause can aid in formulation of an individualized treatment protocol with reduced administration of antibiotics in such patients where it may be harmful. Further, PCMRI is non-invasive and is performed without the requirement of intravenous contrast agents. This can be particularly useful in pediatric patients and those with a history of contrast allergy or renal failure.

A technical limitation in our study was related to the placement of the ROI due to small size of the aqueduct which may be a source of variability between measurements, affecting the mean systolic velocity.^\[[@ref25]\]^ Another limitation was prospective gating used in our study to reduce the time of scan, which may produce less accurate quantitative results as compared to retrospective gating.

CONCLUSION {#S5}
==========

Altered CSF flow dynamics were observed in meningitis patients, with both hyper- and hypo-dynamic flow, particularly in the presence of hydrocephalus. PCMR may be effective in conjunction with conventional MRI in the assessment and differentiation of communicating and non- communicating hydrocephalus. The significantly reduced parameters in patients without hydrocephalus could potentially have an affirmative role in the early diagnosis of meningitis. Alterations in CSF flow dynamics, along with clinical and radiological features, may aid in segregation into viral and non-viral causes of meningitis and assist in instillation of appropriate treatment. This is especially true in pediatric patients and those in whom intravenous contrast is not approved for imaging. However, further studies with stronger magnets are required to substantiate our findings. Evaluation of arterial and venous flow can provide further insight into changes in intracranial flow dynamics in meningitis. Technical improvements in the measurement of CSF flow may improve our understanding of CSF flow hydrodynamics and lead to better utilization of this technique in the clinical setting.
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